Several classes of non-planar metallic and dielectric waveguides have been proposed in the literature for guidance of terahertz (THz) or T-ray radiation. In this review, we focus on the development of dielectric waveguides, in the THz regime, with reduced loss and dispersion. First, we examine different THz spectroscopy configurations and fundamental equations employed for characterization of THz waveguides. Then we divide THz dielectric waveguides into three classes: solid-core, hollow-core, and porous-core waveguides. The guiding mechanism, fabrication steps, measured loss, and dispersion are presented for the waveguides in each class in chronological order. The goal of this review is to compare and contrast the current solutions for guiding THz radiation.
Introduction
Terahertz (THz) or T-ray radiation bridges the gap between microwave and optical wavelengths [1, 2] . Traditionally this region was explored using only passive detection for applications in astronomy. Exploration of the THz spectrum with active detection, using laboratory-based sources, only began to emerge in the mid-1980s, mainly because of technical difficulties involved in making efficient and compact THz sources [3] [4] [5] . Since this part of the spectrum is located between the technologically well-developed microwave and infrared (IR) spectral regions, the THz region is well poised to benefit from the generation and detection technologies emerging from both regions. Waveguides in the THz regime are no exception; i.e., several waveguide solutions based on technologies from both electronics and photonics have been explored. In pulsed laser-based systems, subpicosecond THz pulses cover a broad range of the frequency spectrum, and the THz band is loosely defined as 0.1-10 THz (0.03-3 mm wavelengths) [1] . Currently, THz systems predominantly utilize free-space propagation, where losses can be minimized. In order to achieve guidance with greater confinement, one needs to lower the frequency dependent loss and dispersion to enable undistorted propagation of subpicosecond pulses in waveguides.
There are several benefits in having low-loss and low-dispersion waveguides. The primary application of waveguides is to transport electromagnetic waves (and consequently information) from one point to another [6] . Waveguides have also been exploited as sensing and imaging probes [7, 8] , as the main medium of quantum-cascade lasers [9] , to guide waves in subwavelength regimes (beyond the diffraction limit), and to offer tight confinement of the electromagnetic waves to the structure beyond the Rayleigh range [10, 11] . The potential benefits for the THz region are similar. The foremost advantage is that the bulk optics used for manipulating THz radiation in free space can be replaced by waveguides in THz time-domain spectroscopy (TDS) systems. This will open up new opportunities in further development of compact THz systems and consequently lab-on-chip systems to create advanced biosensors [12] . The diffraction limited spot size can be reduced further, resulting in a resolution improvement over free-space THz imaging systems. Also, tight mode confinement can be achieved by exploiting waveguides with subwavelength features. This is beneficial for THz sensing applications, specifically for noninvasive and label-free molecular detection, and gas and liquid spectroscopy [13] [14] [15] . A minute sample (a few micro-liters volume for THz [16] ) can be replaced in or at the vicinity of the waveguide where strong interaction with a THz pulse is achieved due to the existence of a large power fraction of the guided mode. Other THz devices such as the near-field scanning optical microscope, THz sources based on quantumcascade lasers, imaging, and communication technologies, which revolve around THz waveguides, will have improved functionalities.
Nevertheless, selecting materials that are suitable for the fabrication of waveguides is one of the major barriers in advancing this field. While metals function well at microwave frequencies, they have high Ohmic losses in the THz regime. While polymers and glasses function well at IR and optical frequencies, they have unacceptable frequency dependent absorption losses in the THz region. Another significant barrier that limits the application of waveguides, especially in THz spectroscopy and communication systems, is group-velocity dispersion. Consequently, different frequency components of the broad THz spectrum travel with different group velocities leading to distorted pulse shapes. Metal waveguides experience strong dispersion near the cut-off frequency of the guiding mode unless they support transverse electric and magnetic (TEM) modes that have no cut-off frequency [17, 18] . Dielectric waveguides suffer from material and waveguide dispersion. It has been shown that material dispersion is negligible in dielectric waveguides and the dominant dispersion is due to the waveguide structure [19] . Although waveguide dispersion can be tailored such that a flat (almost zero) dispersion region is achieved for a range of frequencies, it is not straightforward to design dielectric waveguides to offer zero dispersion for the entire broad THz spectrum. For applications that require a broad spectrum, such as general spectroscopic sensing, this is an issue. However, this may not be an issue for some applications, such as probing specific materials that have spectral features in a narrow frequency.
History of THz Waveguides
In the early 1980s, THz pulses (in the pico/subpicosecond regime) were generated and sampled by photoconductive switches, also known as Auston switches. These photoconductive switches were incorporated into microstrip [20, 21] and coplanar (still used today) [22] [23] [24] transmission lines. A microstrip transmission line is a type of electrical transmission line that consists of a conducting strip separated from a ground plane by a dielectric substrate [25] , while a coplanar transmission line is an alternative type of electrical transmission line that consists of a conducting strip on a dielectric substrate with two ground electrodes running adjacent and parallel to strip [26, 27] . A limitation of the microstrip line configuration, in the THz system, was that such systems suffered from reflections (ringing) at the generation point. Also these microstrip-based THz systems had high dispersion due to the dielectric substrate [28] . In the coplanar transmission THz system, the generated subpicosecond pulse (0.6 ps, for example) undergoes lower distortion compared to microstrip lines [22] . Therefore, they are more suitable for far-IR spectroscopy [29] . The coplanar transmission line THz system suffers from strong frequency dependent loss due to Cherenkov-like radiation [24, 30] , which is equivalent to the loss process of leaky waveguides in the frequency domain [23, 24] . The total observed loss owing to the dielectric and metal in microstrip and coplanar transmission lines in THz systems is very high. Examples of the reported loss for thin-film microstrip and coplanar transmission lines are α 18 cm −1 and α 14 cm −1 at 1 THz, respectively. The loss increases as frequency increases with f and f 3 dependence, respectively [31] .
In the above-mentioned techniques for excitation and sampling of pico/ subpicosecond pulses, the effects of intermediate transmission media need to be considered. The pulse traveling through these transmission media is distorted due to frequency dependent loss and dispersion [28] . In 1989, the first free-space tightly coupled THz spectroscopy system was proposed by van Exter et al. [32] , and the first sample investigated was water vapor [5, 33] . The technique employed for generation and detection of subpicosecond pulses allows a very low-loss propagation of THz radiation in free space (almost zero loss and dispersion) and eliminates lossy planar waveguides. Optical hardware (e.g., mirrors and lenses) were and still are exploited for steering, focusing, and efficient coupling of the pulses between excitation and detection points. Moreover, waveguides offer stronger interaction between the sample and the THz radiation, as well as providing the ability to direct radiation to locations that are difficult to access (e.g., as in endoscopy). Waveguides can also confine the pulse in a subwavelength regime and/or focus the beam to a smaller spot size to beat the diffraction limit.
Thus a whole new era has begun in THz radiation guidance, where non-planar guiding techniques adapted from the microwave or optic fields have emerged. Nonetheless, in parallel there has been plenty of research conducted to improve the loss and dispersion mechanisms in coplanar waveguides, resulting in modified planar single-wire waveguides also known as Goubau transmission lines [34] [35] [36] [37] . The focus on coplanar waveguides is due to the fact that such waveguides appear straightforward for integration of THz functions inside microfluidic circuits or to achieve on-chip THz circuitry. Note that planar transmission lines are not in the scope of this review.
Several types of non-planar waveguides have been proposed in the literature for guiding within the THz spectrum to reduce frequency loss and dispersion. In this review, in Section 2, we define the key parameters used in the literature for characterization of THz waveguides. In the same section we overview different THz spectroscopy configurations and fundamental equations employed in the characterization of THz waveguides. In general, non-planar waveguides can be divided into two major categories: metallic and dielectric waveguides. Metallic waveguides proposed for THz radiation guidance are in general the scaled-down versions (in term of dimension) of well-known guiding devices from microwave and radio frequencies. Although metallic waveguides are not in the scope of this review, four types of metallic waveguides will be briefly discussed in Section 3. The four waveguides are discussed here, as they follow a trend of evolution similar to that of dielectric waveguides. Moreover, the metallic waveguides discussed in Section 3, except the first type that represents the first non-planar waveguide proposed in the literature, are among the best guiding structures proposed for this category. This has been carried out to allow the comparison of loss and dispersion parameters between the two categories of metallic and dielectric waveguides resulting in a wider picture of the THz waveguide arena. Dielectric fibers and waveguides, in the THz regime, can be considered as scaled-up versions of those used in the IR and optical frequency ranges. These waveguides are discussed in Section 4.
Characterization of THz Waveguides
In this review, the term waveguide characterization is used to imply the study of the loss and dispersion properties of the waveguide as a function of frequency/ wavelength. Different arrangements of emitters, detectors, and THz optics (mirrors and lenses) can be utilized for characterization of a THz waveguide, which is summarized in Fig. 1 . Usually photoconductive antennas and nonlinear crystals are employed in the generation of THz pulses. The generated THz pulses are typically manipulated and focused employing parabolic mirrors and silicon/ dielectric lenses, as seen in options A and B in Fig. 1 . Silicon/dielectric lenses are used at the interface of the waveguide to achieve a smaller spot size at the front-end of the waveguide and consequently to increase the coupling into the waveguide. An alternative approach is positioning the waveguide on the emitter, shown by option C in Fig. 1 , for coupling into the waveguide. As an example, McGowan et al. [31] and Mendis and Grischkowsky [18] used option A, Chen et al. [38] , Ponseca et al. [39] , and Lai et al. [40] used option B, and Jeon et al. [41] , Wächter et al. [42] , and Atakaramians et al. [43] used option C for coupling THz pulses into the waveguides. These waveguides are discussed in detail in Sections 3 and 4. Similar arrangements to those used to couple into the waveguides are employed for coupling out the THz pulses from the waveguide, as shown in the right hand side (options D to F) of Fig. 1 . Development of near-field photoconductive probes [44, 45] has not only advanced THz near-field imaging, but has also allowed probing THz pulses along the waveguides. This approach, shown in option G in Fig. 1 , is suitable for waveguides that have extended power outside the structure where the probe-tips can be positioned [46, 47] . As an example, McGowan et al. [31] , Gallot et al. [17] , and Mendis and Grischkowsky [18] used option D, Ponseca et al. [39] used option E, Jeon et al. [41] and Wang and Mittleman [48] used option F, and Wächter et al. [42] and Atakaramians et al. [43] used option G for coupling THz pulses into the waveguides. All the detection methods (options D to G) discussed so far employ photoconductive detectors for measuring THz pulses. This approach is known as coherent detection. In this approach both the amplitude and the phase of the electric field and consequently the absorption coefficient (effective material loss) and effective refractive index of the propagating mode can be determined as a function of frequency. The relevant equations are discussed later in this section. Thermal detectors (e.g., bolometer and pyroelectric devices) are also employed to measure the intensity of the THz radiation, from which only the absorption coefficient of the propagating mode can be determined as a function of frequency.
As an example, Chen et al. [38] , Bowden et al. [49] , and Lai et al. [40] used the thermal detection method (option H in Fig. 1 ) for coupling THz pulses into the waveguides. All these waveguides are discussed in detail later in Sections 3 and 4.
Any combination of options A to C and options D to H in Fig. 1 can be used for the characterization of THz waveguides. The waveguides are mostly characterized in transmission mode; i.e., the THz pulse is launched into the waveguide from one end and coupled out and measured from the other end. To date only one reflection mode characterization technique has been reported [50] , where the THz pulses are coupled into and out of the fiber from one end, and a metal plate is positioned at the end of the fiber to reflect the beam.
In general, two different methods have been used for the characterization of THz waveguides. In the first approach, two pulses are measured: a reference pulse when all the steering and coupling devices are in the system except the waveguide, and a sample pulse when the waveguide is also included in the system. The loss and dispersion parameters are calculated from these two measurements. For example, [17, 18, 31, 51] have used this approach for characterization of THz waveguides. In the second approach, THz pulses propagating through a minimum of two different lengths of a waveguide are measured and compared, where the loss and dispersion parameters are calculated. This method for characterization of waveguides is known as the cut-back technique and is used primarily for characterization of fibers in optics [52] . In this technique the waveguide is situated in the system and the propagating pulses are measured at the output. Later the waveguide is cut down from the output end so that the coupling in arrangement is maintained and the propagating pulses are measured once more. This can be repeated as many times as desired. Since the waveguide is cut down for each measurement, this technique is called the cut-back technique. For example, [23, 38, 53] have used this approach for characterization of THz waveguides.
Coherent detection allows one to measure the complex electric field, i.e., amplitude and phase. As the sample under investigation is placed in the system, assuming single-mode propagation, the equation governing the input and output electric fields of the sample can be written in the frequency domain as [23] 
where E out ω and E ref ω are the complex electric fields at angular frequency ω on the entrance and exit of the waveguide, respectively; T 1 and T 2 are the total transmission coefficients that take into account the reflections at the entrance and exit faces, respectively; C is the coupling coefficient, the same for the entrance and exit faces; β 0 is the free-space phase/propagation constant; n is the refractive index of the sample; α is the power absorption coefficient; and L is the thickness/ length of the sample. The generated THz electromagnetic wave is a linearly polarized plane wave. When passing through a sample with a large cross section (larger than the operating wavelength), it still remains plane wave. However, when the sample under investigation is a waveguide, the impinging plane wave is coupled into the propagating modes of the waveguide so that it can be carried along the waveguide. Thus when the sample under investigation is a waveguide, the refractive index of the sample, n, and power absorption coefficient, α, in Eq.
(1) should be replaced respectively by the effective refractive index, n eff , and the effective material loss, α eff , of the mode propagating through the waveguide. Thus Eq. (1) becomes
where β eff β 0 n eff is the propagation constant of the propagating mode, and α eff is the effective material loss that the propagating mode experiences.
To attain the absorption coefficient (α eff ) and/or effective refractive index (β eff ) values of a waveguide, THz pulses propagating through different lengths of a waveguide are measured. Applying Eq. (2) to a minimum of two different lengths (L 1 and L 2 ), the transfer function determined from the ratio of E out1 ω and E out2 ω reads as
The C, T 1 , and T 2 coefficients are canceled provided that the positions of the waveguide and emitter do not change as would occur during a cut-back measurement. Then α eff and β eff of the waveguide can be obtained from the amplitude and the phase of the transfer function [Eq. (3)]. As we shall see later on, the in situ cleaving of THz waveguides is complicated. Two techniques have been employed to reduce the coupling coefficient uncertainty. The first uses near-field probe-tips (option G in Fig. 1 ) to sample along the waveguides. In this case the probe moves across the waveguide and no cleaving is required. In this approach the distance of the probe-tip from the waveguide should be monitored and kept constant. This is only applicable to waveguides in which the propagating mode extends outside the structure. The second involves measuring waveguides with different lengths. In this approach different waveguide lengths are positioned in the system. The coupling in and out may vary from measurement to measurement, indicating that the transfer function determined from the ratio of E out1 ω and E out2 ω cannot be simplified to Eq. (3). Note that the waveguide can still be characterized by averaging several scans, while the position of the waveguide slightly changes for each case to compensate for the variation of the coupling changes from each waveguide measurement.
Metallic Waveguides
Metallic waveguides proposed for THz radiation guidance are mostly scaleddown versions (in terms of dimension) of well-known guiding devices from microwave and radio frequencies. The electromagnetic waves at THz frequencies are not as dissipative in metallic components as they are for higher frequencies such as visible light. Thus metallic structures still can be used for guidance in this regime. Hollow metallic circular/rectangular waveguides [17, 31] , parallel-plate waveguides [18, [54] [55] [56] , coaxial waveguides [57] , metal wire waveguides [41, 42, 48] , parallel-plate photonic waveguides [58] , metal sheet waveguides [59] , and metallic slot waveguides [46] are examples of metallic waveguides proposed for guidance of the THz spectrum. Although metallic waveguides are not in the scope of this review, four types of metallic waveguides are briefly discussed in this section. We start this section with metallic circular waveguides since they are the first non-planar waveguides proposed for guidance of THz radiation. Moreover, hollow-core hybrid-clad waveguides, which are discussed in Section 4.1, are the modified version of these waveguides. Then we proceed to parallel-plate waveguides, and bare metal wire and slit waveguides, where the tradeoff between loss and confinement becomes apparent. As we shall observe later, dielectric waveguides have evolved in a similar way.
Circular cross-section waveguides. Metallic waveguides with circular cross sections, as shown in Fig. 2 (a), were among the first experimental investigations conducted using quasi-optical methods to couple freely propagating THz pulses [31] . In 1999, McGowan et al. [31] demonstrated that circular waveguides have lower loss (α 0.7 cm −1 at 1 THz) relative to coplanar and microstrip transmission lines (α 14 cm −1 and α 18 cm −1 , respectively). This is due to the fact that the propagating THz pulses experience only Ohmic losses due to the metallic body of the circular waveguide, while they suffer from three different loss mechanisms when propagating via transmission lines, i.e., Ohmic losses due to metal strips, dielectric losses due to substrate, and radiative losses. However, THz pulses propagating through a circular waveguide experience strong dispersion near the cut-off frequency associated with the fact that the transmitted THz pulse through these waveguides is stretched with the higher frequencies arriving earlier in time, i.e., a negative chirp. As an example, a ≈1 ps duration THz pulse after propagating 25 mm through a 280 μm diameter circular brass waveguide stretches to ≈40 ps [17] . It was also demonstrated both theoretically and experimentally that rectangular metallic waveguides have similar losses to circular waveguides, for 0.65-3.5 THz bandwidth [17] .
Parallel-plate waveguides. The guiding structure consists of two parallel conducting plates positioned close together (108 μm gap in between the plates for THz [18] ), as shown in Fig. 2(b) . The structure supports single TEM mode propagation, which is the lowest-order TM mode: TM 0 . The TEM mode has no cut-off frequency. Thus, unlike the circular and rectangular metallic waveguides that suffer from extreme broadening of the THz pulse near the cut-off frequencies, the parallel-plate waveguide has no group-velocity dispersion [51] . Moreover, the electric field of a parallel-plate waveguide is linearly polarized and perpendicular to the plates. This facilitates the coupling of linearly polarized THz pulses into the structure. An attenuation constant less than 0.3 cm
and with almost no pulse broadening (zero dispersion) is observed for a parallelplate waveguide within the bandwidth from 0.1 to 4 THz [18] . The Ohmic losses due to the finite conductivity of the plates and divergence losses due to beam spreading in the unguided direction are the main loss mechanisms in these waveguides.
The TE 1 mode is the second higher-order mode that can be excited in the parallel-plate waveguide [55, 56] . The TE 1 mode is excited if the input beam is polarized parallel to the plates, while the TEM mode is excited when the input beam is polarized perpendicular to the plates. The selection of which mode to excite in parallel-plate waveguides depends on the application. As an example, the TE 1 mode can be exploited for excitation of a simple resonant cavity integrated with a parallel-plate waveguide, which cannot be excited by the TEM mode [56] . Because of the almost zero dispersion and low-loss characteristics of the parallel-plate waveguide, this waveguide has also been used in applications such as sensing, imaging, and signal processing [16, 55] .
Bare metal wires. The bare metal wire, also known as a Sommerfeld wire, is a single cylindrical conductor (wire), as shown in Fig. 2(c) . Electromagnetic waves propagate as weakly guided radial surface waves along an infinitely long wire of circular cross section, due to the finite conductivity of the metal, and are called surface plasmon waves. Only the principal mode, a radially symmetric transverse magnetic wave (TM 01 ), travels along the wire and has remarkably low loss and low group-velocity dispersion, whereas all other modes have high attenuation, which makes the wire effectively single mode [60] . The guided surface wave and the single wire are respectively called the Sommerfeld wave and the Sommerfeld wire, because Sommerfeld found the first rigorous solution of Maxwell's equations, for wave propagation on a single wire [41, 42, 48] . In comparison to other metallic waveguides, the exposed metal surface area to propagating THz pulses is reduced, leading to lower Ohmic losses. As an example, it is reported that a 0.9 mm diameter stainless steel wire has an attenuation constant less than 0.03 cm −1 and almost zero dispersion from 0.25 to 0.75 THz [48] .
The mode propagating along a single wire largely extends into the surrounding air. The wire acts as a rail for the guiding mode, which is analogous to optical nanowires and THz microwires (Section 4). This makes the coupling in between the wires simple; i.e., the THz pulses can be coupled into a wire if it is positioned in the extended field of another wire. Despite its superior transmission behavior, the bare metal wire suffers from radiation losses. Any perturbation of the structure, e.g., bending, or even in the vicinity of the wire (within the region of the extended field) leads to high radiation losses due to the loose confinement of the mode to the structure. Coating the wire with a dielectric is an approach to improve the confinement. However, for the THz spectrum, the dielectric coating introduces frequency dependent loss to the propagating mode [42] .
Metallic slot waveguides. Wächter et al. [46] proposed metallic slot waveguides for the guidance of THz radiation to increase the field confinement to the waveguide compared to the metal wire. The structure was made up of two planar slabs (20 mm × 300 μm) located d 270 μm apart from each other, as shown in Fig. 2(d) . Compared with the bare metal wire, the electromagnetic fields are more confined to the slot waveguide (more than 50% of guided mode power is within the area not exceeding one wavelentgth around the slot waveguide, while this number is less than 22% for bare metal wire [46] ). However, the attentuation loss of slot waveguides is higher than metal wires. The propagating mode in a slot waveguide is in contact with a larger metal area compared to that of a metal wire, leading to higher attenuation losses for the slot waveguide. The attenuation constant of a slot waveguide made from silicon wafer coated with Ti and Au is less than 0.07 cm −1 in the frequency range 0.1-1 THz with almost zero dispersion [46] .
Four different metallic structures have been reviewed in this section. Metallic waveguides with circular cross sections: the propagating mode (TE and/or TM modes) is tightly confined in the structure (metallic walls) leading to high losses due to finite conductivity of the metals in THz frequencies. The propagating mode inside these metallic waveguides suffers from high dispersion near the cut-off frequency of the mode. Parallel-plate waveguides: the propagating mode (TEM) is still confined in between the plates in one direction with a lower attenuation constant compared to circular and rectangular metallic waveguides. In addition to lower loss, these waveguides offer dispersion-free propagation. Bare metal wire: the conducting (Ohmic) loss is reduced considerably since the wire acts as a rail for the guided mode (TM 01 ). The mode is loosely confined to the wire and is expanded to the surrounding medium (air), resulting in low-loss and dispersion-free propagation of THz pulses. Metallic slot waveguide: the THz pulses still propagate in air with a higher confinement to the waveguide compared to metal wire and nearly no dispersion. The confinement leads to higher loss for the slot waveguide compared to metal wire, indicating there is a tradeoff between strong mode confinement and low attenuation in metallic waveguides. As we shall observe in the next section, there is a similar tradeoff for dielectric waveguides.
Dielectric Waveguides
Another major category of non-planar waveguides proposed for the THz spectrum is dielectric waveguides. These waveguides are also known as fibers if they are flexible and have circular cross sections and are mostly used at higher frequencies, such as IR and optical frequencies, where metallic waveguides are dissipative.
Dielectric waveguides suffer from material absorption since suitable dielectric materials for fabrication of waveguides are lossy. Although high-resistivity silicon has extremely low loss (α < 0.05 cm −1 for frequencies below 2.5 THz [61] ), it is not amenable for fabrication of many waveguide geometries. The material choice and waveguide structure have a great impact on the waveguide performance, not only on transmission loss but also on dispersion. Table 1 shows the bulk material absorption and refractive index of low-loss polymers that have been used to fabricate THz waveguides. As can be observed, polymethyl methacrylate (PMMA) and polycarbonate (PC) have relatively higher losses compared to those of high-density polyethylene (HDPE) and polytetrafluoroethylene (PTFE, best known as Teflon). It should be noted that the material properties listed here are based on published results [62] [63] [64] [65] , and these values could differ slightly depending on the material supplier [62] . Among the polymers listed in this table, cyclic olefin copolymer (COC), commercially known as TOPAS and Zeonex, has the lowest material absorption losses in the THz range. The refractive index of these polymer materials is in the range of 1.4-1.7. These polymer materials have been widely used as host materials for THz waveguides, as filling materials (materials that are combined with the sample under investigation to exclude saturation of the strong absorption modes) to increase the dynamic range of the measurement, and as a sample cell window material for liquids and gases in the THz range. There are no dielectric materials with negligible absorption in the THz spectrum except for air. Thus, where possible, air is usually the material of choice as the core material for THz bandgap waveguides.
The dielectric waveguides proposed for THz guidance can be divided into three classes: hollow-core, solid-core, and porous-core waveguides. The guiding mechanism for each class of structure is different. The guiding mechanisms in all-dielectric hollow-core waveguides come from formation of either photonic bandgaps or antiresonances with the immediate cladding structure. If the waveguides have an inner metallic coating, then the mode is guided via reflection from the metal coating, which presents a highly reflective mirror. On the other hand, the guiding mechanisms in solid-core and porous-core waveguides are based on total internal reflection if the average refractive index of the core is greater than that of the cladding (e.g., air-clad). When the average refractive index of the core is smaller than that of the cladding, the guiding mechanism is via formation of the photonic bandgap [66] . To the best of our knowledge, there is only one case-the porous-core bandgap waveguide-theoretically reported for the THz spectrum [67] . Table 2 summarizes the guiding mechanism for each class and type of dielectric waveguides.
The fabrication process of dielectric waveguides has benefited from the advance fabrication process of optical waveguides, especially microstructured optical fibers (MOFs) and IR waveguides. The fabrication techniques for MOFs usually have two stages. The first stage is the fabrication of a fiber preform, which is the scaled-up version of the fiber. In the second stage, the fiber preforms are drawn to fibers often via a caning stage to provide a central core region with smallerscale structure. There are a range of techniques available for fabrication of MOF preforms: stacking of capillary tubes, drilling holes in the bulk material, casting into a microstructured mold, and extrusion [68] . On some occasions, due to the larger dimension of THz waveguides compared to that in the optics, the fabrication of waveguides encountered fewer steps. As we shall observe in this section, for THz hollow-core and solid-core microstructured waveguides, the waveguide preform by itself is suitable for THz guidance, resulting in the elimination of the second stage in the fabrication process, i.e., the drawing process [69] [70] [71] . In the area of fabrication of THz waveguides, there are also some techniques borrowed from fabrication of hollow-core IR waveguides [72] , e.g., using a sputtering ring chamber or wet-chemistry technique to deposit metallic/dielectric layers on/inside a tube.
Here, we first review hollow-core waveguides in Subsection 4.1, for which the THz pulses are guided in the hollow core of the waveguide. In Subsections 4.2 and 4.3, we respectively review solid-core waveguides and porous-core waveguides. The common feature in these classes of dielectric waveguides is that the average refractive index in the core is higher than the average refractive index of the cladding, leading to total internal reflection as the guiding mechanism. For each part, we first explain the guiding mechanism, and then the measured loss and dispersion values. In cases in which an experiment is not conducted, we discuss the simulated loss and dispersion values. Moreover, the waveguide fabrication and characterization techniques are discussed. 
Hollow-Core Waveguides/Fibers
Guiding the mode through the hollow core is the common feature of waveguides in this class. In general, the guiding mechanisms in all-dielectric hollow-core waveguides are either via formation of photonic bandgaps or due to antiresonances with the immediate cladding structure (typically the inner core ring and struts) [73, 74] . The cladding features (the inner ring and struts) resonantly reflect the mode back into the core, and the cladding thickness dictates the width of the transmission bands. In the former guiding mechanism, the cladding does not support modes for certain ranges of frequency, so the guided modes stay in the core. Waveguides such as microstructured bandgap fibers [75, 76] and Bragg fibers [77, 78] are two well-known examples of this class in optics. In the latter guiding mechanism, there is a low overlap between the core guided modes and cladding modes by virtue of the low density of states in the cladding, which leads to confinement of the mode in the core. Kagomé [79, 80] and square [81, 82] lattice hollow-core microstructured fibers, in which the guiding mechanism is due to the antiresonance effect of the lattice, are the well-known examples in this class. There is a strong relationship (continuous mapping via a tightbinding picture) between the bandgap and antiresonance description in 1-D structures [83, 84] .
For the THz frequency range, the material absorption of hollow-core waveguides is low since the THz radiation is predominately concentrated in the air core, which is transparent to THz radiation. However, as we observe for each waveguide below, the dimensions of these waveguides are in the order of a few millimeters, thus making them inflexible structures. Generally, we also observe that for such a broad THz spectrum, these waveguides are narrow-band; i.e., the transmission is limited to selected frequency bands due to the guiding mechanisms. Here, this class of THz waveguides is divided into three types: single/ hybrid-clad waveguides, microstructured bandgap waveguides, and Kagomé microstructured waveguides. For the first type, waveguides with one or more cladding layers (layers that are usually added to reduce the loss by changing the type of propagating mode) are discussed. Then waveguides with microstructured cladding are discussed and have been divided into two types (bandgap and Kagomé) based on their guiding mechanism.
Hollow-core single/hybrid-clad waveguides. As discussed in Section 3, metallic waveguides with circular cross sections were among the early non-planar waveguides purposed for THz guidance [31] . These waveguides had low transmission efficiency and strong dispersion near the cut-off frequencies, and were rigid. In 2003 Hidaka et al. [85] proposed a hollow-core THz waveguide made of ferroelectric poly vinylidene fluoride (PVDF), a flexible polymer, to increase the transmission coefficient. Such waveguides are considered as single clad waveguides, as shown in Fig. 3(b) , in this review. The frequency dependent dielectric constant of PVDF has a resonance frequency in the THz range; i.e., the dielectric constant of the PVDF becomes negative for frequencies larger than 0.3 THz. This results in an imaginary refractive index like that in metals.
With an imaginary refractive index, the material shows complete reflection like metals (close to unity) for both TM and TE polarization from 1 to 2 THz [86, 87] .
Compared to metals such as Cu, the reflectively of TM polarization of PVDF is even higher in this frequency range. This leads to a three times larger transmission coefficient for an 8 mm bore diameter PVDF pipe (α 1.5 m −1 ) compared to that of a similar Ni-Cu pipe (α 5 m −1 ). For loss measurement of waveguides, a broadband THz radiation is generated by a nonlinear optical crystal, and an Si bolometer in liquid He is used as the THz detector.
Hollow-core waveguides with hybrid cladding were also proposed to lower the attenuation coefficient of the propagating modes, i.e., the loss. Here, hybrid-clad waveguides refer to structures with a minimum of two different clad layers. Each clad layer can be a simple material layer [e.g., dielectric coating as shown in Fig. 3(b) ] or a composite material layer [e.g. metamaterial as shown in Fig. 3(c) ] [88] . Generally, each layer has special properties (functionality) and contributes to the propagation of the mode. However, there are cases in which the cladding layer acts only as the supporting base for the next layer [89] [90] [91] .
A common layer employed in hybrid-clad THz waveguides is a metal layer by virtue of its superior reflecting surface for TE modes [89, 90] . This approach was adapted from IR metal-coated hollow glass waveguides [72] . When the thickness of the metal film is greater than the skin depth of the metal at THz, the hollow-core waveguides with an inner metal coating perform like metal waveguides with a circular cross section (metal pipe). In contrast to metal waveguides, these hollow-core waveguides are flexible and have a smoother and homogeneous inner surface. A hollow-core PC waveguide with Cu inner coating [89] and a hollow-core glass waveguide with silver coating [90] are the examples proposed for THz guidance. These hollow-core waveguides were fabricated using techniques adapted from hollow-core IR waveguides [72] . The lowest loss reported for the hollow-core PC waveguide with Cu inner coating was 3.9 dB∕m (0.9 m −1 ) at 1.89 THz (λ 158.51 μm) [89] , and for the hollow-core glass waveguide with Ag inner coating it was around ≈8 dB∕m (1.8 m −1 ) for 1.25-1.65 THz [90] . A tuneble parametric oscillator with an MgO:LiNbO 3 crystal was used as a THz source, and an Si bolometer was used as a THz detector.
In hollow-core metal waveguides, the TE 11 mode is the propagating mode and is excited with the linearly polarized THz pulses. However, it is not the mode with the lowest attenuation constant in the metal waveguides. The TE 01 mode has the lowest loss (attenuation constant) with a doughnut-shaped mode distribution that cannot be launched easily with linearly polarized THz pulses.
To reduce the loss further in these hybrid-clad waveguides, a dielectric coating can be added [49, 92, 93] . This coating lowers the attenuation constant of the TM modes and allows hybrid mode propagation. Thus the HE 11 mode becomes the dominant mode with a lower attenuation constant. An important parameter in the design of dielectric coated hollow-core waveguides is the thickness of the dielectric coating, which determines whether the TE 01 or HE 11 mode has the lowest loss. A drawback of introducing the dielectric layer in the metallic waveguides is that the dielectric coating introduces interference peaks, which limit the bandwidth of operation [92] . Therefore the thickness of the dielectric coating should be designed so that the low-loss transmission window is located in the desired frequency region. Another drawback of dielectric coatings is that the inner dielectric coating adds absorption losses. Therefore, dielectric materials with low absorption losses (κ 2πα∕λ less than 0.065 [92] ) should be selected in order to achieve lower losses in a hollow-core waveguide with inner dielectric coating compared to a metallic hollow-core waveguide. Loss of 0.22 m −1 (0.95 dB∕m) at 2.5 THz (119 μm) is reported for the fundamental mode of a silver/polystyrene (Ag/PS) coated hollow glass waveguide [49] , and 0.32 m −1 (1.3 dB∕m) at 1.5 THz (200 μm) is reported for a PE/Ag loaded hollow glass tube [92] .
To reduce the losses further, a hollow-core waveguide with one thin layer of dielectric material as its cladding-the hollow pipe single polymer ring, as shown in Fig. 4 (a)-has been proposed for THz guidance [40, 94] . Unlike metallic/PVDF pipes, and hybrid-clad pipes (discussed above), where the guiding mechanism is due to highly reflective mirrors, the guiding mechanism in these polymer hollow pipes is based on the antiresonance guiding mechanism. This waveguide can be viewed as a simplified Kagomé-lattice waveguide (discussed later here) reduced to one layer of cladding, and the mode is guided based on the antiresonance guiding mechanism [95] . Lai et al. [40] have shown that with the single low-index dielectric layer (0.5 mm thickness), an attenuation constant of less than 0.02 cm −1 with almost 200 GHz bandwidth is achievable. The experimental setup used for characterization of the pipe waveguide is shown in Fig. 4(b) . Two tunable continuous-wave Gunn oscillator modules with 0.32 to 0.46 THz and 0.405 to 0.52 THz frequency ranges and a Golay cell are used as the emitter and detector, respectively. Due to the large core diameter (larger than operating wavelength), these hollow pipe waveguides suffer from multimode propagation, and they are not flexible. Moreover, higher-order modes are easily excited, especially at bends or small discounituities.
Hollow-core microstructured bandgap waveguides. Hollow-core microstructured bandgap waveguides consist of a hollow core surrounded by micrometerscale air holes in the cladding, which run along the length of the waveguide. The mode confines and propagates in the core when the cladding does not support the mode; i.e., the cladding forms a two-dimensional photonic crystal and the excited mode lies in the bandgap of the cladding. They were first proposed, developed, and optimized for visible and IR regimes [75, 76, 96] . A scanning electron microscope image of an optical hollow-core microstructured bandgap fiber is shown is Fig. 5(a) .
As is well known from optics, these microstructure waveguides suffer from high-confinement losses due to the finite number of air holes composing the cladding lattice [97, 98] and scattering loss due surface roughness at the dielectric-air interface [99] . The leakage can be suppressed by incorporating sufficient concentric rings of air holes around the core or by increasing the ratio of cladding air-hole diameter to hole-to-hole spacing pitch (d∕Λ). However, the higher the number of concentric air-hole rings, the more difficult the process of fabrication becomes. The scattering losses, which are inversely proportional to the operating wavelength, can be suppressed to a certain degree by controlling the fiber fabrication parameters.
The concept of hollow-core microstructured bandgap fibers has been expanded to THz frequencies [98, [100] [101] [102] . The advantages of using these fibers for guiding THz are the following: first, like all other hollow-core fibers, most of the electromagnetic field propagates predominantly in the air core (which is a transparent medium for THz); and second, at THz frequencies (longer wavelength compared to invisible and optics), scattering losses are low and . Optical Society of America [39] . In contrast to omindirectional Bragg fiber, the ring-structured Bragg fiber is made up of a single material, and variation in index between the cladding layers is achieved by including alternating circular rings of air holes. (d) Cob/spider-web structured Bragg fiber. These Bragg fibers are also made up of single material (concentric layers of material and air), and struts are used to keep the structure together.
do not significantly affect the overall loss mechanism [103] . It has been shown that just three concentric rings of air holes in the cladding were enough for a THz hollow-core microstructured bandgap fiber to have negligible leakage loss (0.0002 cm −1 ) compared with cladding material absorption loss (0.01 cm −1 ) [102] .
A specific type of hollow-core microstructured bandgap waveguide is Bragg fiber. The multilayer dielectric bandgap waveguide, well known as Bragg fiber in optics, consists of a hollow core surrounded with a concentric cylindrically periodic (CP) structure [74, 77, 78] . So far at the optical regime, there are three types of hollow-core Bragg fibers. The first one is the omnidirectional Bragg fiber, made up of a combination of either glass or polymer materials with very large index variation between concentric cladding layers, as shown in Fig. 5(b) . The second type is ring-structured Bragg fibers, made up of a single material with alternating circular rings of air holes, which behave like the low-index layers of an omnidirectional Bragg fiber, as shown in Fig. 5(c) . Finally, the third type is the cob/spider-web structured Bragg fiber made up of layers of single material and air, where a certain number of supporting strips, called struts, are used to keep the structure together, as shown in Fig. 5(d) . All three types of Bragg fibers have also been explored for guiding THz radiation [39, 104, 105] .
A hollow-core multilayer bandgap waveguide featuring concentric CP layers (PVDF and PC polymers) was theoretically studied for THz guidance in 2007 [104] . Theoretical loss values less than 0.02 cm −1 for 1 < ω < 3 THz were predicted for a 1 mm core diameter. Following this theoretical report, another hollow-core bandgap waveguide made of single material (i.e., spider-web structured bandgap waveguides) was also theoretically studied and reported for THz guidance in 2007 [105] . Absorption losses less than 1.8 × 10 −5 cm −1 in the frequency range 1.5-4.3 THz were theoretically calculated for a 16 mm core diameter. The loss reported for the spider-web structured bandgap waveguide is much lower than that of the multilayer bandgap waveguide due to large air-core diameter. The propagation losses in Bragg fibers are scaled according to f
core , where d core is the diameter of the core and f is the frequency of the confined light [106] . Direct scaling up of the optical dimensions results in large THz waveguide dimensions (6-10 mm), making it potentially very inflexible. The structure also suffers from high losses, especially at bends or discontinuities, due to coupling of the propagating mode TE 01 to the lossy TM 11 degenerate mode. Degenerate modes are modes that have identical cut-off frequency, e.g., TE 0n and TM 1n in circular cross-section waveguides.
For a hollow-core multilayer bandgap waveguide, it is difficult to find two materials that have larger index contrast (the relative size of the bandgap is proportional to the relative index contrast), similar thermal and mechanical properties, and compatible processing techniques in realizing the structure. Therefore, guiding of THz pulses in the hollow-core Bragg waveguides was first observed in a single-material (PMMA) Bragg waveguide, shown in Fig. 5(c) [39] . The preforms were prepared by drilling the hole pattern into a PMMA rod and were later drawn down to 5-6 mm diameter waveguides. The minimum absorption loss of the pulse guided in the hollow core was estimated to be 0.44 cm −1 at 1.0 THz and 0.2 cm −1 at 1.3 THz from the experimental measurements. An n-type bulk indium-arsenide (InAs) emitter and a photoconductive antenna were used for the generation and detection of THz radiation. Parabolic mirrors were used to couple into and out of the waveguide (options B and E shown in Fig. 1 ).
In [106] . The ring-structured waveguides were fabricated by rolling up a thin film with a layer of powder on top to create the air gap between the layers, shown in Fig. 6(a) , or by rolling up a bilayer of thin films, shown in Fig. 6(b) . The film layers used were polymer (PE) and a doped-polymer (TiO 2 particles in PE). Parabolic mirrors were used to couple into and out of the waveguide (options B and E shown in Fig. 1 ). Both waveguides were estimated to have propagation losses less than 0.05 cm −1 around 0.82 THz (air-polymer bilayer) and 0.69 THz (two polymer bilayer).
In general, the microstructured bandgap waveguides allow low-loss propagation of THz pulses in the bandgap regime, which is narrow compared to the broad spectrum of THz. The operational bandwidth of these waveguides is defined by the bandgap width. Although they can be tuned to operate in a different frequency band, their bandwidths are narrow compared to the broad THz spectrum. The loss and dispersion of these waveguides increases as the frequency approaches the edges of the bands. Moreover, they have large diameters, which makes the waveguides inflexible and not proper guiding structures for integrated THz devices. Additionally, these fibers suffer from multimode propagation due to their large core size.
Kagomé hollow-core microstructured waveguides. The guiding mechanism in Kagomé hollow-core microstructured waveguides is via the formation VonNeumann Wigner quasi-bound states within a continuum [73, 79, 80, 107, 108] . The cladding of these waveguides does not support photonic bandgaps. The coreguided modes cohabitate with those of the cladding modes without notable interation. In other words, the guided modes confined in the hollow core are prevented from efficiently coupling to the cladding due to the antiresonance effect of the Kagomé lattice. Figure 7(a) shows an example of a Kagomé-lattice optical fiber. Kagomé-lattice waveguides offer a wider transmission band compared to Bragg waveguides (≈3 larger bandwidth) [109] . However, the absorption (material) losses of Kagomé-lattice waveguides are higher than those of Bragg waveguides (≈8 times higher). Similar to Bragg waveguides, the leakage loss for Kagomé-lattice waveguides (even with one ring of tubes as cladding) is negligible compared to absorption loss, except where the frequencies coincide with cut-off frequencies. The hollow-core microstructured fiber proposed by Lu et al. [69] is the first example of a Kagomé-lattice optical fiber adapted for guiding THz radiation. This hollow-core microstuctured fiber was composed of a central hollow core and a cladding layer formed by periodic arrangements of Teflon tubes, as shown in Fig. 7(b) . The attained structure was suitable for the guidance of THz pulses, and no further steps (drawing) were required. A low attenuation constant less than 0.01 cm −1 was experimentally achieved at 0.770 THz, which was more than 100 times lower than the bulk material. It has been shown that the absorption losses of the proposed fiber are dominated by the first cladding layer, and the increase of the ring number has little influence on the modal properties of the waveguides. Theoretical investigations of these waveguides reveal that the transmission spectrum exhibits an alternation of low-and high-loss bands. The minimum loss in each low-loss region depends on the tube diameter, while the frequency ranges of low loss and dispersion depend on the thickness of the tubes [108, 111] . Increasing the tube diameter reduces the minimum loss by about one order of magnitude, flattens the dispersion, and increases the core and total diameter of the waveguide. Meanwhile, decreasing the thickness of the tubes leads to a wider transmission band.
A Kagomé hollow-core microstructured fiber made of PMMA tubes was also reported for guiding THz radiation [110] . Unlike the previous Kagomé waveguide, the preform was drawn down to 5-6.8 mm outer diameters (core diameters of 1.6-2.2 mm, respectively), as shown in Fig. 7(c) . The average attenuation constant 0.6 cm −1 is experimentally reported over 0.65-1.0 THz, which is on average 20 times lower than the bulk material. Photoconductive switches with the arrangement shown in options A and D in Fig. 1 were used for generation and detection of THz pulses.
A drawback of Kagomé waveguides is that they have diameters of the order of a few tens of millimeters [108, 111] . As an example for the seven ring microstructure fiber [69] , the total fiber diameter ranges from 18 to 35 mm. It should be noted that the diameter of the fiber is greater than 10 mm even when a single layer of cladding is used. Thus, these waveguides are not flexible. Another disadvantage of these fibers is that they are multimode due to the large core diameters. It has been shown that reducing the core size leads to single-mode propagation at the expense of high fundamental mode propagation losses and dispersion. It should be noted that single-mode propagation can be obtained to some extent by controlling the launch condition [112] . A third disadvantage of these waveguides is that the loss and dispersion curves contain irregular small perturbations in the low-loss regions (within the transmission band) due to the weak coupling between core modes and cladding modes [108] .
Solid-Core Waveguides/Fibers
The electromagnetic waves are guided based on well-known total internal reflection in solid-core waveguides/fibers, where the effective refractive index of the core is higher than that of the cladding. Here, we have divided solid-core waveguides into three types: waveguides with air-cladding (microwires), waveguides with microstructured cladding, and waveguides with single air-hole discontinuity in the core.
Microwire (air-clad dielectric waveguides). Sapphire fiber [117] and the plastic ribbon waveguide [118] were the first two dielectric waveguides proposed by the Oklahoma State University research group. As the names indicate, these structures were made, respectively, of sapphire with diameters of An advantage of hollow-core waveguides is that the THz pulses propagate predominantly in the hollow core with only a small fraction propagating in the material, resulting in low absorption losses. These waveguides can be tailored to offer low loss and dispersion in the required transmission band. Another advantage of these waveguides is that they are suitable for sensing applications; i.e., the sample under test can be located in the core where a better interaction of the field and sample can occur compared to freespace propagation systems. In spite of the above advantages, generally the hollow-core waveguides have transmission windows by virtue of the resonance or bandgap effects. Therefore, they only offer low loss and dispersion for the designed narrow window and are not suitable to guide the broad THz spectrum. Another drawback of theses waveguides is that their dimension is in the order of a few millimeters. Thus, they are usually inflexible. Reducing the core diameter leads to an increase in the absorption loss. A summary of the key parameters of these hollow-core waveguides is presented in Table 3 . A feasible approach to reduce the air-core dimension of hollow-core waveguides and consequently achieve flexible THz waveguides is the exploitation of metamaterials, man-made artificial materials [113] . Theoretical studies have shown that hollow-core waveguides with metamaterial cladding can guide modes even when the core diameter is more than 10 times smaller than the operating wavelength [114] [115] [116] . Such waveguides, if fabricated, not only will have the advantage of guiding THz radiation in the air core but also will be flexible. 
The frequency range is covered by three different waveguides.
[105]
( The sixth image is reproduced with permission, ©2008. Optical Society of America [39] . The seventh and eighth images are reproduced with permission, ©2011. Optical Society of America [106] . 150-325 μm and HDPE slabs with thicknesses of 120-150 μm. The structures offer lower absorption loss than the bulk material loss. This occurs by virtue of the subwavelength dimension of the waveguides, where the propagating mode is not tightly confined to the waveguide material and expands to the air. Losses less than 6 cm −1 for f < 2.5 THz and losses less than 1 cm −1 for 0.1 < f <3.5 THz were reported for sapphire fiber and ribbon waveguide, respectively. The absorption losses of these waveguides were much lower than those of coplanar waveguides discussed in Subsection 1.1. Nevertheless, the achieved losses were not comparable to those of the parallel-plate metallic waveguide and the bare metal wire and hollow-core dielectric waveguides discussed above.
In 2006, Chen et al. [38] from Taiwan University reported loss values less than 0.01 cm −1 near 0.3 THz (1 mm wavelength) in a polyethylene (PE) subwavelength air-clad waveguide. An air-clad waveguide with a core diameter of 200 μm is used to transfer THz radiation. Compared to the sapphire waveguide proposed earlier in the literature, this waveguide has different hosting material and is only analyzed at low frequencies where the waveguide dimension is more than four times smaller than the operating wavelengths (830-970 μm). The subwavelength dimension pushes a large portion of the power transmitted by the structure into the air-clad waveguide, which is transparent for THz frequencies, leaving a small portion of it in the low-loss plastic material. Therefore, the loss averaged in the transverse plane reduces dramatically. The concept used by Chen et al. [38] is similar to the concept developed in optics, i.e., optical nanowires [120] . Since the enhanced evanescent field behavior occurs for micrometer diameter fibers in the T-ray band, these waveguides are also known as microwires in the THz spectrum [2, 121, 122] .
Subwavelength air-clad waveguides are flexible due to their subwavelength dimension (a few hundred micrometers). The extension of the propagating mode into the air allows coupling via surface contact and straightforward interaction of the mode with the surrounding environment, leading to practical applications in sensing. For example, these waveguides have been utilized as straight THz sensor tips for spectroscopy [123, 124] , THz directional couplers [125] , and waveguide-based THz endoscopes in interferometric imaging [126] .
In spite of that, a disadvantage of these subwavelength air-clad waveguides is that they suffer from high losses due to any perturbation (e.g., bends) to the structure. This occurs due to the weak confinement of the mode to the waveguide compared to waveguides with strong confinement of the field in the core (e.g., conventional core/clad fibers and hollow-core bandgap waveguides). Moreover, special handling is required for such waveguides with extended field since any small perturbation leads to high losses. Suspended core fibers (where a second layer of cladding is considered in which the extended field is almost zero) have been proposed in optics to facilitate handling and practicality. This concept has also been transferred to THz microwires [127] .
Solid-core microstructured waveguide. The guiding mechanism of solid-core microstructured waveguides, also known as solid-core photonic crystal fiber (PCF), is achieved by total internal reflection, while in PFCs with low-index cores, e.g., air cores, it is achieved by the photonic bandgap effect. Han et al. [70] were the first to realize, fabricate, and experimentally demonstrate the loss and dispersion of solid-core microstructured waveguides in the THz spectrum. As shown in Fig. 8(a) , the structure is fabricated from HDPE tubes and a filament that represent, respectively, the cladding and the core. Relatively low loss (less than 0.5 cm −1 ) and low dispersion (average group velocity of 2 ps∕THz∕cm at 0.4 THz) were attained within the bandwidth of 0.1-3 THz [70] .
The attenuation of a guided mode of the solid-core microstructured waveguides depends on the field confinement in the core and the core material absorption. It has been shown that the main contribution of the transmission loss is the material absorption loss [70] . Consequently, the attenuation can be reduced by using a material with lower loss in the THz regime. Goto et al. [128] have demonstrated that fabricating a similar solid-core PCF from polytetrafluorethylene, commonly known as Teflon, reduces the solid-core PCF loss further to less than 0.12 cm
for 0.1-1.3 THz. This is due to a relatively low refractive index of Teflon (n 1.46) compared to that of HDPE (n 1.53) [129] , which leads to lower confinement of THz radiation into the solid core and consequently lower loss.
The loss of solid-core microstructured waveguides was further improved by using COC, commercially known as TOPAS and Zeonex, as the host material [50, 130] . Losses as low as 0.1 cm Unlike the transmission mode characterization setups employed for waveguides discussed so far, the COC microstructured waveguide in [50] was characterized in a reflection mode THz TDS system. In order to have a constant in-and outcoupling of the THz pulses during loss measurements, a reflection arrangement is considered as shown in Fig. 9(c) . A metallic reflector is positioned at the back end facet of the waveguide for this purpose, and the waveguide is also cleaved from this end for loss measurements. Two photoconductive antennas were used for generation and detection of broadband THz pulses. A COC beam splitter is used to separate the reflected THz beam from the incoming beam. A COC hyper-hemispherical lens is employed for coupling in and out of the solid-core microstructured waveguide.
Compared to air-core microstructured waveguides, the solid-core microstructured waveguides have a broader transition bandwidth since the guiding mechanism in them is based on total internal reflection and not on antiresonance or bandgap effects. Thus these waveguides are better suited for broadband THz guidance. Although the TOPAS solid-core microstructured waveguides can be bent (90°bend) by heating the waveguide, generally they are rigid due to their large dimension (a few millimeters).
Waveguides with a low-index discontinuity in the core. Nagel et al. [53] have proposed low-index discontinuity waveguides in order to improve the confinement of the THz radiation, compared to that of an air-clad waveguide, as shown in Fig. 10(a) . In that work, Nagel et al. [53] transferred the concept proposed by Almeida et al. [10] for integrated optical devices to the THz range. Almeida et al. [10] have shown theoretically and experimentally that a high-index dielectric single-mode rectangular waveguide with a slit along the axis of wave propagation enhances and confines a substantial fraction of power in the low-index split region as shown in Fig. 10(b) . At any interface between two materials with no surface charge, since the normal components of the electric displacement field are continuous, there is a discontinuity in the electric-field strength; i.e., the electric field enhances on the low refractive index side. The strength of the enhanced electric field depends on the square of the ratio of refractive indices and the electric-field strength at the high-index side. As a result, a higher enhanced electric field is formed at a low-index discontinuity interface, if it is introduced within a region of a waveguide structure where the electric field is originally stronger than the other regions. The enhanced electric field at the low-index side of any discontinuity rapidly decays away from the interface discontinuity. However, if the dimension of the low-index discontinuity is at the subwavelength scale, the decay of the evanescent field within the Figure 10 (a) Geometries of a slot rectangular waveguide (SRW) and a tube waveguide (TW). Reproduced with permission, ©2006. Optical Society of America [53] . (b) Electric-field enhancement within low-index discontinuity. discontinuity is minimal. Thus a localized intensity enhancement can be achieved throughout the discontinuity region [11, 131] . The concept has been expanded to THz by Nagel et al. [53] , and the attenuation, dispersion, and single-mode confinement properties for two structures, a split rectangular waveguide and a tube waveguide shown in Fig. 10(a) , were investigated. The mode confinement in the virtually lossless low-index air gap reduces THz transmission losses compared to that of the same structure without the split and increases the confinement of the mode compared to bare metal wires [53] .
For a tube waveguide composed of fused silica, loss values less than 0.7 cm
are measured for the frequency range of 0.4-0.6 THz [53] . The measured effective permeability (ε eff n 2 eff ) for the tube waveguide varies from 2 to 4 over the frequency range of 0.3-0.7 THz. The numerically calculated loss and effective relative permittivity of a slot rectangular waveguide made of high-resistivity silicon are less than 0.01 cm −1 and 2, respectively, for 0.5-0.9 THz. For characterization of the tube waveguide, two identical photoconductive antennas embedded in a parallel-plate waveguide are used for the generation and detection of broadband THz radiation. The parallel-plate waveguide serves as the output and input port of the emitter and detector [14, 53] .
Porous-Core Waveguides
To improve the effective loss (also known as effective material loss) and confinement simultaneously, a class of waveguides, known as porous fiber, was proposed independently by two research groups [132] [133] [134] . Porous-core waveguides, porous fibers, are created by including a distribution of subwavelength air holes within the core of an air-clad fiber. The guiding mechanism in these waveguides is based on total internal reflection. A typical example of porous fiber is shown in Fig. 11(a) . The distribution, shape, and size of the holes determine the porosity of the structure, which is defined as the fraction of the air holes to the core area. In the early days of THz porous fibers, only circular air holes were considered [132] [133] [134] . However, other geometries can also be introduced into the core of these fibers [43, [135] [136] [137] .
The guiding mechanism in solid-core dielectric waveguides is based on total internal reflection. These waveguides suffer from material absorption losses. This loss can be reduced if the dimension of the core is chosen smaller than the operating wavelengths, since a higher portion of the mode power propagates in the air-clad with almost zero loss. However, this reduces the confinement of the mode to the waveguide. A method for increasing the confinement was to introduce a subwavelength discontinuity in the waveguide. The absorption loss in this waveguide is directly proportional to the bulk material absorption of the hosting material. Therefore, the absorption losses of the waveguides can be minimized when lowloss dielectric materials such as COC are used. However, these waveguides are rigid due to their dimension. A summary of all the key parameters discussed for the above hollowcore waveguides is presented in Table 4 . [128]
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These porous fibers offer lower material losses compared to a similar diameter of subwavelength air-clad waveguides (microwires) by virtue of less material residing in the core. This concept has been used in the optical regime; i.e., elongated void regions have previously been used in photonic crystals to improve the transmission efficiency simply by reducing the material [138] . This is not the only benefit of having subwavelength air holes within the core. It has been shown that for similar diameter, porous fiber offers better confinement and consequently lower bending losses [134] . Moreover, it has been shown that for similar loss values, porous fibers enable reduced distortion (frequency dependent loss and dispersion) of a broadband THz pulse compared to microwires [43] . It has also been demonstrated that introducing asymmetrical subwavelength air holes in the core of porous fibers leads to modal birefringence [135] . Modal birefringence arises from effective refractive index differences between x-and y-polarization modes, jn x − n y j. The porous fiber modal birefringence ≈0.026 [135] is comparable to achieved high birefringence of ≈0.021 at 0.3 THz [71] in THz solid-core microstructured fibers, and ≈0.025 at 1550 nm [139] Figure 11 in photonic crystal fibers. It is almost an order of magnitude higher than the birefringence of ≈0.001 at 1 THz [101] in THz air-core microstructured Bragg fibers.
All the above benefits occur due to the field enhancement within subwavelength air holes. The concept of field enhancement within low-index discontinuity (as explained above) is demonstrated in Fig. 11(b) , which shows the normalized z-component of the Poynting vector (S z 1∕2 ⃗ E × ⃗ H ·ẑ) profile of the fundamental mode of the porous fiber along the arrow shown in Fig. 11(a) . The normal component of the electric field and as a result the power intensity (S z ) are enhanced at each air-material interface and stay localized in the subwavelength air holes, where the refractive index is n 0 . This phenomenon occurs for all the subwavelength air holes in the structure, as can be seen in Fig. 11(c) . Since the enhancement coefficient of the normal component of the electric field at each interface is constant, n 2 1 , the intensity of the localized power intensity (S z ) depends on the location of the subwavelength air-hole position. The closer the subwavelength air hole to the center of the fiber, where the electric-field intensity is stronger, the stronger the localized power intensity. Therefore the envelope of the intensified profile of the power has a profile pattern similar to that of the air-clad fiber without subwavelength holes. For the chosen porous fiber dimensions, the power profile envelope has a Gaussian shape, as shown in Fig. 11(d) .
To reduce the effective material loss in a porous fiber, one needs to be able to access high porosity values. Design and fabrication of waveguides with air-clad and high porosity ratio in the core are challenging; however, the techniques used for fabrication of MOFs pave the path for the fabrication of THz porous waveguides. These porous-core waveguides with subwavelength dimension and features require a two-stage process discussed earlier: a preform fabrication and drawing process. Different preform fabrication techniques have been proposed for fabrication of these waveguides: stacking of capillary tubes, casting into a mold, drilling the hole pattern, and the extrusion technique.
To fabricate preforms through the stacking technique [140] , the capillary tubes were arranged in a two-dimensional triangular lattice, as shown in Fig. 12 (a), and were drawn using self-pressurization. For this purpose, first one end of the fiber was sealed off, e.g., epoxy glue in this case, and then drawn to fiber. Trapping of air within the holes allows the pressure of the holes to build up and prevents hole closure during the drawing process. However, partial hole closure cannot be prevented unless active pressurization, in which the holes are pressurized utilizing a controlled gas source, is used. The cross section of resultant porous fiber is shown in Fig. 12(d) . A drawback of the approach is that the hole closure possibility is very high and the maximum achieved porosity so far is 8%-18% [140] . Moreover, this method is only suitable for fabrication of porous fiber with a hexagonal array of circular air holes.
Another technique employed for fabrication of porous fibers utilizes casting of the preform into a structured mold. Two different approaches were considered for this purpose [141] . In the first approach, a composite preform is built by casting the desired material, in this case PE, into a mold with polymer rods, in this case PMMA, as shown in Fig. 12(b) . The composite solid preform was pulled into fiber where the presence of PMMA rods prevents hole closure during the drawing process. Afterwards, the fiber segments were submerged into a solvent for several days to etch away the polymer material (PMMA) residing in holes. The fibers were also left to dry for several days. The resultant fiber cross section is shown in Fig. 12(e) . Although the air holes were preserved in this method, the fabrication process is very lengthy and the choice of material is limited in terms of dissolving solvent and melting temperature differences between the materials. Large melting temperature differences can result in material degradation. Moreover, the maximum porosity achieved was 29%-45%. In the second approach, the fiber preform was constructed by casting PE into a glass mold, as shown in Fig. 12(c) [141] . The glass rods were pulled out from the preform, and any residual glass is etched away before pulling into fiber. Then the resultant PE preform is drawn down using active pressurization. The pressurization is implemented not only to prevent hole closure but also to inflate the holes in order to increase the porosity (86% [141] ). The resultant fiber cross section is shown in Fig. 12(f) . A drawback of this approach is that active pressurization severely deforms the fiber cross section.
Drilling the hole pattern into a polymer preform using a computer controlled mill, and drawing the preform down to fiber, is another technique utilized for fabrication of THz solid-and hollow-core microstructured polymer waveguides [39, 50] . This technique is not adequate for fabrication of highly porous fibers because the drilling process of the holes in the preform is very time consuming for a large number of holes. This method also has restricted maximum porosity due to the mechanical constraints of the hole size and the wall thickness between the holes [142] . Furthermore, the shape of the holes is limited to the circular shape.
Among all these methods, the extrusion technique is best suited for fabricating polymer porous fiber preforms [43, 137] . In this approach the preforms with macroscopic-scale (mm-scale) features are manufactured using the extrusion technique, which has been demonstrated to be viable not only for soft glasses [143] but also for polymers [144] . The preforms are extruded by heating up a bulk polymer/glass billet to a temperature at which the material becomes soft. The soft material is then forced through an extrusion die at a fixed speed. The die exit geometry determines the preform cross section. An advantage of this technique is that it is possible to fabricate preforms with non-circular air holes [143, 145] . Figures 13(a) and 13(b) show the preforms of two types of porous fibers, i.e., with symmetrical and asymmetrical features, respectively, which have been fabricated by exploiting the extrusion technique [43] . The advantage of using the extrusion technique for preform fabrication is that the preform structure itself has high porosity since it is the scaled-up version of the final fiber structure; see Figs. 13(c) and 13(d). Thus no active pressurization, which deforms the fiber structure, is required during the drawing process [137] . High porosity fiber preforms, with more than 60% porosity, and non-circular air holes are not achievable with other preform fabrication techniques, e.g., casting and drilling techniques. The porosity measured from images of the preform and final fiber was 8%-10% lower than the porosity of the waveguides designed due to rounding of the corners and thickening of the struts during the fabrication process. The porosity of the spider-web and rectangular porous waveguides given by the die designs was 67% and 71%, respectively, while the porosity of the fabricated waveguides was measured to be 57% and 65%, respectively. This is small compared to the deformation of the fibers fabricated with other techniques.
Three different techniques have been used to characterize these porous waveguides. In the first approach, three different lengths of a porous fiber were Images of SEM cross sections of (a) spider-web and (b) rectangular porous preforms fabricated based on the extrusion technique. Images of SEM cross sections of (c) spider-web and (d) rectangular porous waveguides. Reproduced with permission, ©2009. Optical Society of America [43] . directly positioned on the emitter and detector [43] . Using this technique, the dispersion characteristics of these waveguides were compared with their microwire counterparts [ Fig. 14(a) ], and the birefringence characteristics [jN x − N y j ≅ 0.012 at 0.65 THz as shown in Fig. 14(b) ] were for the first time, to the best of our knowledge, reported experimentally. Three main issues were identified for introducing high uncertainty in the loss measurement: the quality and repeatability of the cleaved end-face of the porous fibers, alignment of the fiber tips with the detector and emitter, and slight curvature of the fiber. In order to conduct a sufficiently precise cut-back-based loss measurement, a rapid, reproducible, and in situ cleaving method is required. These waveguides are easily squashed and deformed during the cleaving process when conventional blades are used for this purpose [137, 146] . It is essential to have a reproducible cleaving technique in order to observe a fabricated fiber cross section without deformation during the cleaving process and to conduct loss measurement, as we observe later. This can be achieved utilizing a UV laser [137] , which leads to a complicated experimental setup.
In the second approach, a directional coupler based method, in which a secondary waveguide was located and translated along the fiber being characterized, was used to characterize and eliminate cleaving issues [140] . The disadvantage of this approach is that the coupling efficiency and length of the coupler are frequency dependent, which complicates the interpretation of the results. Maintaining a constant separation between the two waveguides is challenging. Furthermore, a bolometer was employed as a detector; hence, fiber dispersion Effective refractive indices of a 200 μm (green) and a 350 μm (red) diameter of spider-web porous fiber, a 250 μm diameter of microwire (black), and a 350 μm diameter of rectangular porous fiber x-polarization (blue) and y-polarization (cyan) as a function of frequency. The solid lines represent the theoretical results based on the real fiber, while the circles represent the measured experimental results. Reproduced with permission, ©2009. Optical Society of America [43] .
properties were still not accessible. Average losses as low as 0.01 cm −1 have been reported [140] with this approach.
In the third approach, a micromachined photoconductive probe-tip was used to directly sample the evanescent THz electric field in the time domain in the vicinity of the fiber surface, as shown in Fig. 15 [47] . A photoconductive antenna array is used as the emitter [147] . This approach simultaneously measures both the absorption coefficient (α eff ) and the effective refractive index (n eff ) of the propagating modes of a porous fiber, shown respectively in Figs (a) Absorption coefficient, α eff , and (b) effective refractive index of the propagating fundamental mode in a 600 μm COC spider-web porous fiber: black dots and red dashed lines represent the measured and theoretical values, respectively. The fiber cross section is shown in the inset of (a), and the calculated normalized group velocity is shown in the inset of (b). Reprinted with permission from S. Atakaramians, Appl. Phys. Lett. 98, 121104 (2011) [47] . Copyright [2011] American Institute of Physics LLC. The first and second images are reproduced with permission, ©2009. Optical Society of America [43] .
b
The third image is reproduced with permission, ©2009. Optical Society of America [140] . The fourth image is reproduced with permission, ©2010. Optical Society of America [141] . group velocity greater than 0.8, which is equivalent to dispersion values between −1.3 and −0.5 ps∕m∕μm for 0.2 THz < f < 0.35 THz, is evaluated. This approach also allowed direct measurement of the evanescent electric-field distribution of the porous fiber. It is worth noting that porous-core waveguides with low porosity, e.g., 4% porosity [127] , have similar characteristics to those of a microwire; i.e., the frequencies where the diameter of the waveguide is comparable to the wavelength of the effective material losses follow the trend of bulk material losses, while for diameters that are smaller than the operating wavelength, the effective material losses are less than those of the bulk material.
Conclusion and Final Remarks
We have reviewed different THz non-planar dielectric waveguide structures in terms of loss, dispersion, and proposed experimental arrangements. We have divided the dielectric waveguide solutions proposed in the literature into three classes: hollow-core, solid-core, and porous-core waveguides.
The material absorption is almost zero for hollow-core waveguides since the THz radiation is predominately confined in the air core. The confined mode in the core makes them good candidates for sensing applications. However, the dimension of these waveguides is in the order of a few millimeters. This dimension leads to rigid and large waveguides, which are not practical for the integrated THz devices. Another drawback of these waveguides is that their low-loss and -dispersion behavior is limited to a transmission window, which is narrow compared to the THz spectrum. A third drawback of these waveguides is the multimode operation due to the large core sizes. Although reducing the core size eliminates higher-order modes, it increases the attenuation of the fundamental mode [112] .
The guiding mechanism in porous-core waveguides is based on total internal reflection, the same guiding mechanism as in solid-core waveguides. These waveguides have porous transverse cross sections, i.e., subwavelength features in the core, which leads to enhancement and confinement of the field within the holes. These porous-core waveguides offer lower frequency dependent loss and dispersion compared to their solid-core counterparts, microwires. Furthermore, introducing asymmetrical discontinuity leads to high birefringence, which is comparable to the recently achieved high birefringence in PCFs. These waveguides have the potential to be employed as biosensors. A summary of all the key parameters discussed for the above porous-core waveguides is presented in Table 5 .
It should be noted that the porous-core honeycomb bandgap THz fiber reported theoretically by Nielsen et al. [67] is different from the porous-core waveguides discussed above. Although the waveguide physically has a porous core, the guiding mechanism is due to the formation of bandgaps. The refractive index of the core is lower than that of the cladding. The porous-core feature makes the manufacturing process of such waveguides more straightforward.
In contrast, THz radiation propagating in the solid-core dielectric waveguides suffers from material absorption. Two solutions have been proposed to decrease the loss value of a solid-core waveguide: the first uses the waveguide structures from low-loss dielectric materials such as TOPAS. The minimum losses achieved in this way are limited to the bulk material loss. The second pushes most of the propagating mode into the air, decreasing the waveguide dimension (subwavelength air-clad waveguides). The disadvantage of such an approach is that the mode becomes loosely confined to the waveguide and susceptible to any perturbation.
Porous-core waveguides offer better confinement and lower losses due to less material residing in the core compared to solid-core waveguides. These waveguides have great potential for sensing applications. However, a large portion of the power is still in the air, making the waveguides susceptible to any perturbation.
The emergence of metamaterials has opened new opportunities in improving THz waveguides [114, 115] . It has been shown that metamaterial waveguides can guide a mode even when the core diameter is more than 10 times smaller than the operating wavelength. Therefore, a reasonable direction for the future of THz waveguides is toward hollow-core waveguides with metamaterial cladding. These waveguides are expected to have low losses similar to hollow-core waveguides and to be flexible similar to solid/porous-core subwavelength waveguides. She has published more than 500 papers in refereed journals and conference proceedings and has raised more than $86M for research. As well as being active in research and research leadership, she serves on international, national, and state committees and boards on matters of science and research policy and science evaluation and assessment. 
